Abstract.-Discord in the estimated gene trees among loci can be attributed to both the process of mutation and incomplete lineage sorting. Effectively modeling these two sources of variation-mutational and coalescent variance-provides two distinct challenges for phylogenetic studies. Despite extensive investigation on mutational models for gene-tree estimation over the past two decades and recent attention to modeling of the coalescent process for phylogenetic estimation, the effects of these two variances have yet to be evaluated simultaneously. Here, we partition the effects of mutational and coalescent processes on phylogenetic accuracy by comparing the accuracy of species trees estimated from gene trees (i.e., the actual coalescent genealogies) with that of species trees estimated from estimated gene trees (i.e., trees estimated from nucleotide sequences, which contain both coalescent and mutational variance). Not only is there a significant contribution of both mutational and coalescent variance to errors in species-tree estimates, but the relative magnitude of the effects on the accuracy of species-tree estimation also differs systematically depending on 1) the timing of divergence, 2) the sampling design, and 3) the method used for species-tree estimation. These findings explain why using more information contained in gene trees (e.g., topology and branch lengths as opposed to just topology) does not necessarily translate into pronounced gains in accuracy, highlighting the strengths and limits of different methods for species-tree estimation. Differences in accuracy scores between methods for different sampling regimes also emphasize that it would be a mistake to assume more computationally intensive species-tree estimation procedures that will always provide better estimates of species trees. To the contrary, the performance of a method depends not only on the method per se but also on the compatibilities between the input genetic data and the method as determined by the relative impact of mutational and coalescent variance.
Recent developments in phylogenetic reconstruction methods for the direct estimation of species trees emphasize the considerable challenge of recovering species divergence histories from patterns of molecular genetic divergence. Molecular phylogenetic studies are complicated by the fact that differentiation between orthologous gene copies is influenced by two major sources of stochastic genetic variance, mutational and coalescent ( Fig. 1 ; also see Maddison 1997) . The first one has been extensively examined for its effect on gene-tree estimation in past decades. For example, sophisticated models have been developed to capture the heterogeneous substitution process across the genome and along the branches of a gene tree (e.g., Singh et al. 2009 ). The relative merits of collecting more base pairs from one fragment (e.g., whole mitochondrial genome) versus concatenating data from multiple independent loci in terms of attaining higher nodal support values have been evaluated (e.g., Rokas et al. 2003; Robins et al. 2008 ; although higher support may simply be an artifact of constraining the data to fit a single tree when in reality, there is a mixture of trees, as described by Mossel and Vigoda 2005; Cranston et al. 2009 ). Statistical tests have also been designed to investigate whether gene trees differ significantly (e.g., likelihoodratio test, Huelsenbeck et al. 1996) . However, all these efforts focus exclusively on the mutation process and thereby share the problematic null hypothesis that there is only one "true" tree for every gene. Only recently has the idea of independent gene trees been revived in empirical phylogenetics-each gene tree is a different realization of a stochastic lineage sorting process, with the mutation process subsequently acting upon each realized gene tree (Pamilo and Nei 1988; Takahata 1989; Maddison 1997; Degnan and Rosenberg 2009; Edwards 2009; Knowles 2009b) . Therefore, it is necessary to reevaluate the effect of mutational variance in this new context where differences in the genealogical history of loci are also explicitly acknowledged.
The question of how to account for differences in the genealogical history of loci in phylogenetics has triggered the development over the past few years of several new methods (e.g., Maddison and Knowles 2006; Ané et al. 2007; Mossel and Roch 2007; Liu 2008; Kubatko et al. 2009; Liu et al. 2009; Knowles and Kubatko 2010) . However, in contrast to the extensive evaluation of methods in traditional phylogenetics that has focused on mutational processes while ignoring the coalescent process (e.g., Ripplinger and Sullivan 2008) , the effects of mutational variance on the accuracy of species-tree estimates in this emerging field has yet to be thoroughly explored. For example, theoretical studies (Degnan and Rosenberg 2006) based solely on the properties of the coalescent process have revealed a counterintuitive result in which the most frequent gene tree will not match the underlying species tree (i.e., anomalous gene trees; but see Huang and Knowles 2009 ). Gene-tree probabilities have been used for species tree estimation with the 574 SYSTEMATIC BIOLOGY VOL. 59 FIGURE 1. The contribution of mutational and coalescent variance to errors in species-tree estimates can be evaluated by comparing species trees estimated from coalescent gene trees (i.e., the actual genealogy of independent loci) to those estimated from estimated gene trees. The discordance between the true species tree and a species tree estimated from gene trees reflects the combined effects of two variances, whereas only coalescent variance is represented in the discordance between the true species tree and a species tree estimated from coalescent gene trees.
assumption of correctly reconstructed gene trees (Carstens and Knowles 2007) , and not all coalescentbased methods for species tree estimation take into account the contributions of mutational variance (Maddison and Knowles 2006; Kubatko et al. 2009 ). The difficulties with examining the specific impact of mutational variance in the context of species-tree estimation no doubt contribute to the lack of thorough investigation. For example, accounting for the mutation process requires simulation approaches that are time intensive, especially in contrast to the analytical tractability of the coalescent process ). Likewise, for species-tree estimation procedures where the input data are DNA sequences (e.g., the program BEST; Liu 2008), the effects of mutation and coalescent variance cannot be disentangled and again would require time-consuming simulation approaches to examine different population mutation parameters. Nevertheless, understanding the effects of mutation relative to the coalescent on the accuracy of estimated species trees is fundamental to the development of this nascent area of phylogenetic study, as it was for obtaining accurate estimates of gene trees (e.g., Kimura 1980; Huelsenbeck and Hillis 1993; Gaut and Lewis 1995; Swofford 1997, 2001 ).
Here, we use a simulation approach to study the relative effects of mutational and coalescent variance on the accuracy of estimated species trees. The impact of these two stochastic genetic processes is investigated under two methods: species tree estimation using maximum likelihood (STEM; Kubatko et al. 2009 ) and minimizing deep coalescent (MDC; Maddison and Knowles 2006; Than and Nakhleh 2009 ). These particular methods were chosen because both methods use gene trees as input. This provides a unique opportunity for partitioning the errors in species-tree estimates between those arising from mutation versus gene lineage coalescence. By using gene trees (as opposed to DNA sequences) as input, the accuracy of species-tree estimates obtained from estimated gene trees versus coalescent gene trees can be compared, thereby providing a measure of the error associated with coalescent and mutation variance versus coalescent variance alone (Fig. 1) . Furthermore, contrasting the results from the two methods could also be informative with regard to how different methodological simplifications might influence the sensitivity of species-tree estimates to mutational versus coalescent variance specifically. Although MDC and STEM use gene trees as the input (as opposed to nucleotide sequences), they extract different types of information from the gene trees for estimating species trees. The MDC approach uses only information contained in the gene-tree topologies, whereas STEM incorporates information contained in both the topologies and the branch lengths of gene trees. The two methods also differ in their treatment of coalescent variance (i.e., how they incorporate conflicting genealogical information into the species-tree estimation procedure). STEM evaluates the likelihood of a species tree based on a full probabilistic model of gene lineage coalescence. MDC is a summary-statistic approach (i.e., it is based on the minimal number of deep coalescents) instead of explicitly modeling the coalescent process. Because the computational time of both methods is manageable, we can also test the generality of the relative impact of mutational and coalescent processes on species-tree accuracy by examining a large number of replicates for each simulated history for a diverse array of species phylogenies, as well as different sampling configurations.
In addition to interest in understanding how mutational and coalescent variance affect a methods' ability to recover the actual history of species divergence, the aim of the simulation study is also to develop guidelines for empirical studies in two key aspects: 1) choosing among different methods for estimating species trees given specific data configurations (i.e., total sampling effort and how it is divided across sampled individuals versus loci) and 2) choosing sampling strategies that minimize errors in species-tree estimates. As the available genetic markers and number of individuals sampled per species vary from study to study, species tree estimation methods are likely to result in differing levels of errors among empirical data sets. Despite having several species-tree estimation methods to choose from, the robustness of the species-tree estimates to different data set properties is a topic that has yet to gain the attention it deserves. We lack a basic understanding of what aspects of the species divergence histories and data set properties make certain aspects of species-tree estimation procedures particularly reliable (or unreliable). Rather than comparing the performance across a limited set of histories (which would be a constraint imposed by computationally intensive methods like the program BEST; Liu 2008), this work is focused 575 on developing a more general understanding of how the basics of mutation and gene lineage coalescence impact our efforts to estimate species trees and how these principles can help us make informed decisions for our phylogenetic studies.
METHODS
Two discordance scores were used to quantify the inaccuracies of species-tree estimates attributable to mutational and coalescent processes. The first quantifies the discordance between the true species tree and the species trees estimated from coalescent gene trees. Given that gene trees are generated by the coalescent process (Fig. 1) , this discord (D C ) represents the effect of coalescent variance on species-tree inference (i.e., the discordance due to coalescent variance alone). The second discordance score is based on the difference between the true species trees and the species tree estimated from estimated gene trees. This discord (D CM ) contains both coalescent and mutational sources of variance. Thus, the difference between the two scores (D CM − D C ) should correspond to the effect of mutational variance in species-tree estimates or the discordance due to mutational variance (denoted D M ). All discordances were measured using Robinson-Foulds distance (Robinson and Foulds 1981) , which quantifies the differences between two different tree topologies, implemented in the program TreeDist (which is part of the PHYLIP statistical package ; Felsenstein 1993) . This symmetric distance for rooted trees assesses the number of clades found in one tree but not the other. Larger values correspond to lower accuracy, with a score of zero indicating no topological discord (i.e., all clades are the same between the true and estimated species trees) and a maximum discord of 12 (i.e., twice the number of internal branches for a rooted tree with 8 terminal taxa). We also calculate P =(D CM − D C )/D CM as the percentage of discordance due to mutational variance.
The general steps of the simulation (see Fig. 1 ) involve 1) generating a species tree under a uniform speciation model, 2) simulating coalescent gene trees for each species tree, 3) simulating DNA sequences under a specified model of nucleotide evolution along the branches of each gene tree, 4) estimating gene trees from the simulated DNA matrix, 5) estimating species trees from the coalescent gene trees and estimated gene trees, and 6) calculating the discordance score between the true species tree and the two species-tree estimates (i.e., D CM and D C ). These steps were repeated for 50 different species trees at two different times of divergence and a range of sampling designs (i.e., different numbers of loci and individuals), as discussed in detail below.
Eight-taxon species trees were generated in the Mesquite software package (Maddison and Maddison 2009) , and coalescent gene trees were generated using the program ms (Hudson 2002) . Gene trees were simulated under a neutral coalescent model with constant population size and no migration after speciation. For each individual DNA sequence, 1000 base pairs were generated with the program Seq-Gen (Rambaut and Grassly 1997) under an HKY85 model (Hasegawa et al. 1985) of nucleotide substitution, with a transitiontransversion ratio of 3.0, a gamma mutation rate distribution with shape parameter of 0.8, and nucleotide frequencies of A = 0.3, C = 0.2, T = 0.3, and G = 0.2 for the ancestral sequence. The HKY model is a commonly used model in phylogeny literature, with a moderate level of complexity and flexibility in terms of the number of estimated parameters. Different loci were independently simulated under a coalescent model, representing loci with free recombination between loci, but no recombination within each locus. From the simulated DNA sequences, gene trees were estimated using MrBayes version 3.1.2 (Huelsenbeck and Ronquist 2001) , with a molecular clock (a requisite assumption for all species-tree estimation procedures) and Dirichlet distribution as the prior for nucleotide frequencies. For the estimated gene trees, the actual parameter values for the HKY85 model were estimated for each set of sequences. By estimating the model that generated the sequence data for the procedure of estimating gene trees, model misspecification is not an additional source of error in the estimated gene trees (see Ripplinger and Sullivan 2008) , which allows us to focus specifically on the contribution of mutational variance alone. Mrbayes was stopped after the standard deviation of two independent runs dropped to less than 0.01. A consensus tree was calculated after discarding the first 25% of the total number of generations as burn-in.
Species trees were estimated from coalescent gene trees and estimated gene trees with the two methods: MDC (implemented in Mesquite; Maddison and Maddison 2009 ) and STEM (Kubatko et al. 2009 ). MDC heuristically searches tree space for the specific speciestree topology that minimizes the number of deep coalescences (i.e., ancestral coalescent events prior to speciation; Maddison and Knowles 2006) . We used STEM to derive analytically the maximum likelihood (ML) species tree (both branch lengths and topology) for a set of gene trees with branch-length information (see Liu et al. 2010 for details), where θ (4Nμ, where μ is the mutation rate per site per generation and N is the effective population size) was set to 0.01, matching the conditions under which the data were simulated.
Data were collected from 50 species trees for a recent divergence (total tree depth of 1N generations) and deeper divergence (total tree depth of 10N generations). For both tree depths, nine sets of data were created with different numbers of individuals and loci sampled (i.e., a ratio of individuals to loci = 1:1, 3:1, 9:1, 27:1, 1:3, 3:3, 9:3, 1:9, 3:9). For each species tree at the two total tree depths and each sampling design, 20 independent replicates were generated; these replicates are used to calculate average D C and D M scores for each species tree under the different sampling strategies. To VOL. 59 characterize the general effects of different methods, tree depths, and sampling strategies on the accuracy of species-tree estimates, D C and D M scores were averaged across the 50 species trees. A detailed examination of the effect of sampling strategy was also performed where gains in accuracy were calculated for each species tree per the addition of a single locus across a broad range of loci sampled in each taxon (1-50 loci for data set with 1 sampled individual per species, 1-30 loci for 3 sampled individuals, and 1-10 loci for 9 individuals). Incremental gains in accuracy were evaluated from average discordance scores calculated from 10 replicates for each species tree under each sampling configuration and time depth, where gene trees were sampled randomly from the total pool of gene trees for each species tree (i.e., from each species-tree specific gene-tree pools, which contained 540, 180, and 60 gene trees with 1, 3, or 9 sampled individuals per taxon, respectively).
RESULTS

Mutational and Coalescent Effects on the Accuracy of MDC Species-Tree Estimates
Coalescent variance (D C ) contributes disproportionately to the discordance between species trees estimated by MDC and the true species trees relative to mutational variance (D M , Fig. 2 ). With increased sampling (both adding loci and individuals), the effect of mutational variance relative to coalescent variance increases (P, Fig. 3a) . However, mutational variance always has a minor impact on the accuracy of species-tree estimates FIGURE 2. Comparisons of the accuracy of species-trees estimated by the MDC and STEM methods for species trees with a total tree depth of 1N and 10N generations (N is the effective population size) and different sampling designs are shown, where the number of individuals sampled per species (1, 3, 9, or 27 individuals) and number of loci sampled (1, 3, or 9 loci) varied. Average discord between the estimated species trees and actual species trees (measured as the Robinson-Foulds distance) across the fifty different species trees used to simulate data is shown (with standard errors). (P < 35%, Fig. 3a) . Improvements in the accuracy of species-trees estimates with increased sampling using the MDC approach reflect the lower contribution of coalescent variance (Fig. 2) .
The total tree depth of the species tree (i.e., recent versus deeper divergences) impacts the incremental gains in accuracy of species-tree estimates achieved by adding loci versus adding individuals. For shallow species trees (1N total tree depth), adding individuals results in greater gains in accuracy than adding loci (Fig.2) . The increased accuracy achieved by adding individuals cannot be compensated for by adding loci instead of individuals (Fig. 4) . For deeper divergences (10N total tree depth), the addition of loci is more efficient in reducing species-tree estimation errors. Although there is a negligible effect on the errors in species-tree estimates for deeper species trees when sampling 9 versus 3 individuals (Fig. 4) , there is a notable increase in the accuracy of species-tree estimates, with the MDC approach when 3 versus 1 individual are sampled per species (Fig. 4) .
Mutational and Coalescent Effects on the Accuracy of ML
Species-Tree Estimates The errors for species-tree estimates due to coalescent variance can be reduced to exceedingly low levels with sufficient sampling using ML species-tree estimates from STEM (Fig. 2 ). Yet, with increasing sampling efforts, the discord between the estimated and actual species tree persists because of the effects of mutational variance. As much as 75% of the errors in ML species-tree estimates are attributable to mutational variance (Fig. 3b) . Moreover, the differing contribution of mutational variance for recent versus deeper divergences also explains why the accuracy of ML speciestree estimates depends on the species-tree depth (Fig. 2) . The reconstructability of shallow divergence histories does not actually differ from that of older divergent histories when the effect of mutational variance is excluded. In fact, with 9 individuals sampled per species, the shallow species trees (1N total tree depth) are more accurately estimated than deeper species trees (10N total tree depth) (Fig. 5) , but the disproportionate effect of mutational variance on recent divergence times leads to the opposite pattern.
Analysis of the incremental gains in accuracy associated with adding loci shows that the errors with ML species-tree estimates decreases as the number of individuals increases (Fig. 5) . Although adding loci reduced the discordance contributed by coalescent variance, this gain is quickly offset by elevated contributions of mutational variance with the addition of more loci used for the ML species-tree estimate. At about 10 loci, the accuracy scores reach a plateau (i.e., there are negligible increases in accuracy with increased sampling; Fig. 5 ). As more individuals are sampled per locus, there is a greater contribution of mutational variance per locus and the plateau in accuracy is reached with fewer sampled loci. Nonetheless, it is worth noting that when this plateau is reached, the species-tree estimates are more accurate when multiple individuals (as opposed to one individual) are sampled in the multilocus data sets (Fig. 5) .
Comparison of the Accuracy of Species Trees Estimated with
MDC versus STEM The accuracy of species tree estimated with MDC and STEM is similar (Fig. 2) . However, the comparable discordant scores (i.e., levels of inaccuracy) between the two methods, irrespective of sampling effort and design, arise from very different causes. Errors associated with the MDC approach reflect this method's ineffectiveness at accommodating the effects of coalescent variance (i.e., the discord generated between a species tree and gene trees from the stochasticity of the coalescent process), although it has the advantage of being fairly robust to mutational variance. In contrast, increasing sampling lowers the errors in species-tree estimates due to coalescent variance in STEM, but mutational variance contributes to inaccurate species-tree estimates. In other words, the MDC method is sensitive to coalescent variance and robust to mutational variance, whereas STEM has the opposite pattern. With limited sampling of individuals and loci, the errors associated with both methods are primarily due to coalescent variance. In particular, with the sampling of one individual and one locus, both methods will estimate the same species-tree topology-namely the gene-tree topology-as it is the ML tree and the topology with minimal deep coalescent events.
Comparison of the species-tree-specific errors in estimation (as opposed to averaging across all species trees; Fig. 6 ) from the MDC and STEM methods confirms two key issues. First, the high correlation between the accuracy of species-trees estimates from the two methods suggests that the actual species tree itself has a large effect on the absolute amount of error of the species-tree estimate, irrespective of the method used (Fig. 6) . Second, the sampling strategy is a main determinant of the relative contribution of mutational and coalescent variance to errors in species-tree estimates, as it determines the covariance of discordance scores from the MDC and STEM methods. With regard to the total sampling effort required in empirical studies to reach the level of accuracy reported here, the number of sampled individuals and loci may be larger to achieve accurate estimates of population size used in species-tree estimation procedures (i.e., θ was known in the simulated data sets), and if larger numbers of taxa are considered (i.e., more than the eight species studied here). 
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DISCUSSION
Understanding the contribution of mutational and coalescent variance to errors in species-tree estimation is fundamental to increasing the accuracy of phylogenetic inference. The determination that coalescent and mutational variance have disproportionate impacts on the accuracy of species-tree estimates depending on the method of inference has two important implications. First, it highlights how method choice and sampling strategy can significantly impact the results from empirical studies (see also Maddison and Knowles 2006; Knowles 2009a; Liu et al. 2009; McCormack et al. 2009 ). Second, the finding emphasizes that data quality, not simply quantity, may be an important determinant of the accuracy of species-tree inference. These issues are likely to be a common challenge with all methods of species-tree estimation; we reiterate that the methods used here were chosen because the impact of the discord generated by mutational versus coalescent processes on the accuracy of species-tree estimates could be quantified (i.e., discord arising from differences between the species tree and coalescent gene trees versus differences between the coalescent gene trees and estimated gene trees; Fig. 1) , not because they necessarily would represent an ideal method for analysis. This partitioning of the variance is essential to understanding how the species divergence histories interact with aspects of data sampling and thereby affect the accuracy of species-tree estimates. We discuss how data properties (i.e., levels of genetic variation, number of individuals and loci sampled, as well as taxon sampling) should be considered when choosing among methods for empirical investigations and possible future developments of species-tree estimation methods relevant to improving phylogenetic inference given these empirical considerations.
Variation in the Sources of Error When Estimating a Species Tree
Dependence on the history of species divergence.-The accuracy of species-tree estimates is known to be dependent upon the specific details of the divergence history (see also Maddison and Knowles 2006; Eckert and Carstens 2008; Knowles and Chan 2008; McCormack et al. 2009 ). This study highlights that decrease in the accuracy of species-tree estimates for very recent, as opposed to older divergence times (i.e., total species-tree depths of 1N and 10N, respectively), arises from both a decrease in mutational and coalescent variance (Fig. 2) . In fact, the improved concordance between estimated gene trees and their underlying genealogies as the time of divergence increases consistently accounts disproportionately for the gains in accuracy at the older species divergence times (i.e., irrespective of sampling design or method of analysis), with just a few exceptions (see details below). The fact that the accuracy scores of species tree estimated from the two methods are highly correlated (Fig. 6 ) further confirmed the importance of the specific history of divergence, albeit the correlation between other species-tree estimation methods remains to be studied. It is worth noting that the species-tree depths reported here are measured in units of N generations, which is the product of the effective population size and the generation time. Hence, for organisms with larger population size (e.g., cosmopolitan Drosophila species) or with long generation time (e.g., trees), the time of divergence as measured in years will be correspondingly much longer than species with small populations and short generations.
Dependence on the sampling strategy.-Previous investigations into the trade-off of sampling more individuals versus genes (e.g., McCormack et al. 2009 ) revealed several aspects of sampling strategy that impact the accuracy of species trees. Among these are increased accuracy with increases in total sampling effort and shifting toward sampling more individuals for recent divergences, as we document here. However, by partitioning the sources of errors associated with mutational and coalescent processes, we are able to interpret some enigmatic effects of sampling strategy noted, but not explained, in previous work.
For recent species divergence, adding more loci does not achieve the same high level of accuracy of speciestree estimates when individuals are added for a given total sampling effort (Figs. 3 and 5; see also Maddison and Knowles 2006; McCormack et al. 2009 ). Our study reveals that this observation reflects the lower information content contained in the pattern of coalescence among loci about species relationships with recent divergence, that is, the impact of the coalescent variance on species-tree accuracy continues to be quite high when sampling more loci (Figs. 4b and 5b ). In contrast, there are significant declines in errors attributable to coalescent variance when species trees are estimated with multiple individuals sampled per species and locus (Figs. 4b and 5b ). This result confirms the proposal of Maddison and Knowles (2006) that the pattern of deep coalescence itself contains significant phylogenetic signal when there is widespread incomplete lineage sorting. The average accuracy of species-tree estimates nevertheless does plateau with increased sampling of individuals (Figs. 4a and 5a) . Examining the relative contribution of mutational and coalescent processes shows that there is a notable increase in the proportional effect of the mutational variance on species-tree accuracy when more than three individuals are sampled. For older divergence (i.e., tree depth of 10N), our results confirm predictions derived from coalescent theory (Takahata 1989; Hudson 1990 ) that with increased intraspecific sampling these individuals tend to have rather shallow coalescence times (i.e., short branches) rather than adding significant genealogical depth (Figs. 4b and 5b ). Moreover, with very short times to coalescence, and hence shorter branch lengths in the underling genealogy, it becomes less likely that there will be sufficient mutations for reconstructing the gene 580 SYSTEMATIC BIOLOGY VOL. 59 tree (i.e., mutations are proportional to branch lengths). Consequently, the potential information contained in the pattern of gene lineage coalescence with additional sampling is never realized.
Dependence on the method of analysis.-Despite the similar levels of accuracy achieved with estimating species trees with the two different methods, irrespective of sampling strategy and divergence history, the cause of the errors associated with the MDC (Maddison and Knowles 2006) and STEM (Kubatko et al. 2009 ) approaches differs (Fig. 2) . Partitioning the errors into those associated with mutational and coalescent processes reveals how the accuracy is inextricably linked to the procedural details, and specifically, the way in which information about the coalescence of gene lineages is incorporated in a method.
Species trees estimated using the MDC approach are relatively insensitive to mutational processes because the method relies on gene-tree topology, not branch lengths, to the extent that estimated gene trees differ in branch lengths, but not topology, from their underlying coalescent genealogies. However, the MDC suffers from a loss of information by relying on a summary statistic (i.e., minimizing the number of deep coalescences), as opposed a full probabilistic model of gene lineage coalescence, to estimate species trees. This trade-off is apparent in the partitioning of errors associated with the mutational and coalescent processes (Fig. 2) , in which the coalescent contributes disproportionately to errors in species trees estimated by the MDC approach. Consequently, estimates from MDC may be compromised if too few loci and individuals are sampled, although it is less sensitive to loci with limited genetic variance (i.e., low contribution of mutational variance).
The incorporation of a stochastic model of gene lineage coalescence in STEM (Kubatko et al. 2009 ) means that the method is very efficient in extracting phylogenetic signal from coalescent gene trees, despite widespread incomplete lineage sorting (Fig. 2) . However, these potential gains in accuracy are offset by errors attributable to the discord mutation induces between estimated gene trees and coalescent gene trees (Fig. 3b) . Hence, STEM can achieve accurate estimates with less sampling efforts than a summary-statisticbased approach that does not fully utilize the information content in the gene trees but requires high-quality data (i.e., sufficient genetic variation for accurate estimation of gene trees, including their topology and branch lengths).
The partitioning of errors associated with coalescent and mutational processes has yet to be explored for any other method of species tree inference. Neither the MDC nor the STEM approaches implemented here modeled errors in the estimation of gene trees. Such consideration might result in significant gains in the accuracy of species-tree estimates (see discussion below). However, the basic findings of this study highlight three factors (i.e., sampling strategy, details of the history of divergence, and data properties) that make it difficult to generalize about the performance of methods or predict how robust other methods might (or might not) be to mutational variance, the implications of which are discussed below.
Implications of the Partitioned Effects of Mutational and
Coalescent Processes Methods for species-tree estimation.-The contextdependent effect of the mutational process on the accuracy of species-tree estimates apparent in this work suggests that generalizations about the likely impact of mutational variance will be difficult. For example, the benefits gained by computational approaches that invest significant effort (i.e., computational time) into incorporating a model of mutational process into the species-tree estimation procedure will vary. That is, our analyses show that the mutational variance may contribute significantly or very little to errors with a species-tree estimate depending on the sampling strategy, the species-tree estimation method, the timing of divergence (Fig. 2) , and the specific details of the underlying species tree itself (Fig. 6) . It is not clear at this point how much the effect of mutational variance on the accuracy of species-tree estimates will be reduced by incorporating the errors associated with gene-tree estimation into the species-tree estimation procedure when there is limited genetic variation (e.g., see Cranston et al. 2009; Kubatko and Gibbs 2010; Linnen 2010) . This important point awaits investigation but is hampered by computational constraints that severely limit such investigation to a few specific species trees. Consequently, the utility of methods should not be evaluated simply on whether they employ complicated algorithms that explicitly model both mutational and coalescent processes when accurate information about branch lengths is not forthcoming (see also Liu et al. 2009 for an example when mutations do not accumulate in a clock-like manner).
The partitioning of the sources of error in speciestree estimates also provides basic information about factors affecting the accuracy of species-tree estimates that is only possible because of the simplicity of the approaches. This baseline is important for identifying areas that need further exploration and development, as well as revealing the specific sensitivities of the MDC and STEM approaches. With regard to the MDC method, even when coalescent genealogies are analyzed for fairly considerable sampling efforts (e.g., sampling 30 loci and 3 individuals per species), there are still species trees that are not estimated accurately (Fig. 4b) . This plateau in the accuracy could simply reflect very small gains in accuracy with increased sampling (i.e., perhaps with infinite sampling the species trees would be estimated accurately, again excluding the effects of mutation). However, it may reflect that the heuristic searching algorithms might not always find the tree with the fewest deep coalescent event (Than and Nakhleh 2009) or that this summary statistic is inconsistent for some histories. For example, the MDC approach may be sensitive to the anomaly zone based on analysis of the coalescent gene trees (Degnan and Rosenberg 2006) , even though this danger may not be realized in empirical data once mutational processes are considered (see Huang and Knowles 2009 ). The high sensitivity of the STEM method to mutational variance in contrast suggests that developing a way to consider uncertainty in gene-tree estimates (e.g., using a consensus tree as input), while avoiding the computational burden of modeling the mutational process during the species-tree estimation procedure, could improve the performance and make the method especially useful for large data sets, given that large data sets exceed the computational capacity of sophisticated algorithms (e.g., Cranston et al. 2009 ).
Empirical investigations.-One critical implication of the results, which has not received any attention in the context of estimating species trees, is how the quality of the data collected per locus (i.e., the amount of genetic variation that influences the accuracy of gene-tree estimates), not simply the number of loci or individuals sampled, may impact the accuracy of inferred species relationships. Our results highlight that this is especially important as sampling effort increases. For example, the disproportionate increase in mutational variance as more loci are sampled significantly offsets the gains in accuracy achieved by increased sampling effort (Fig. 2) . It remains to be determined the extent to which data quality also impacts the potential gains of adding loci and individuals with more sophisticated methods that incorporate error in the estimated gene trees (e.g., the program BEST; Liu 2009). In addition to the problems with achieving convergence, which often thwart analysis with Markov Chain Monte Carlo (MCMC) methodsbased algorithms (e.g., with programs such as BEST; see Cranston et al. 2009; Kubatko and Gibbs 2010; Linnen 2010) , a non-tree-based analysis may be more appropriate when there is limited genetic variation in loci (e.g., Rannala and Yang 2003; Hobolth et al. 2007) .
Marker development (e.g., Carstens and Knowles 2006; Hahn et al. 2009 ), especially as it relates to identifying variable loci, needs to be treated carefully (Knowles 2010) . Although the typical view is that gains in phylogenetic information will be made simply through the collection of more data, this generalization appears to be more nuanced in the context of estimating species trees (Figs. 4 and 5) . Moreover, removing invariant individuals or loci from the analyses in an attempt to obtain a species-tree estimate more efficiently or to avoid problems with limited variation is not advisable (Knowles 2010) . Because these methods rely on expectations from coalescent theory to define the relationship between sampled gene trees and a species tree (reviewed in Degnan and Rosenberg 2009) , only using data with a minimal amount of variation introduces an ascertainment bias (Wakeley et al. 2001 ) that may affect the reliability of the analysis. However, this too is an issue that has not yet been explored in the context of speciestree estimation.
Because the sensitivity of methods to various aspects of the specific history of divergence and properties of the genetic data collected differs (see also Maddison and Knowles 2006; Eckert and Carstens 2008; Cranston et al. 2009; Knowles 2009a; Liu et al. 2009 ), the appropriateness of a method will differ among empirical investigations. Such decisions require a thorough consideration of the strengths and limitations of the study (e.g., number of loci and their levels of variation) and of the way in which a method extracts information (e.g., relies only on topology, uses branch length information, or considers uncertainty in the estimated gene trees) and characterizes the coalescent process (e.g., uses a full probabilistic model versus a summary statistic based on either average or minimal coalescence times). When a species-tree estimation method is used, the reliability of its result should therefore be considered based on the compatibility of the method to the data. Different species-tree estimation methods might give conflicting inference about the species divergence history because of violation of the methods assumptions (e.g., Eckert and Carstens 2008; Cranston et al. 2009; Liu et al. 2009 ), or as we have shown here, differences in how the method extracts information from the data (Fig. 2) .
CONCLUSIONS
The direct estimation of species trees is a nascent prosperous field in phylogenetics (Knowles and Kubatko 2010) . With fairly modest numbers of loci, applications of these methods demonstrate their promise for resolving species relationships despite widespread incomplete lineage sorting (e.g., Carstens and Knowles 2007; Edwards et al. 2007; Brumfield et al. 2008; Liu et al. 2008) . Nevertheless, there is still a shortage of analyses that examine the performance of these methods across variety of species divergent histories, sampling configurations, and data quality (Maddison and Knowles 2006; Eckert and Carstens 2008; Liu et al. 2009; McCormack et al. 2009 ). The findings from this study show that without such information, decisions made in empirical studies might constrain the potential insights gained from species-tree estimates. By examining the sources of error contributed by the basic genetic processes underlying patterns of genetic variationmutational and coalescent processes-we reveal how estimates of species-trees can be improved by considering the complex interactions between the data set properties, the history of divergence, and the method of analysis. The detailed analyses also show why the estimation of species trees is subject to these complex interactions. Such information highlights the importance of data quality (not simply quantity) and the selection of methods according to data-specific features, issues that are particularly relevant given present day advances in sequencing technologies. The significant contribution VOL. 59 of mutational variance to the errors in species-tree estimates described in the paper emphasize that the impact of mutation on the accuracy of species-tree estimates is an area that needs immediate attention. For example, with the increasing amount of multilocus data for non-model organisms being generated, the impact that different mutation rates and lengths of sequence used to estimate gene trees, or recombination within the loci, will have on species-tree estimates is not known. In addition to the issues arising from mutational variance when errors in the estimated gene trees are not considered (as with both MDC and STEM), we note that data set properties, and in particular issues associated with mutation, can also complicate methods that actually consider uncertainty in gene-tree estimates (as with BEST; see Cranston et al. 2009; Liu et al. 2009; Linnen 2010; Kubatko and Gibbs 2010) . Together, the studies emphasize how important it is to consider the properties of empirical data when estimating species trees and that these practicalities need to be considered when the performance of methods for such inferences are evaluated.
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